range from 24-43% [4] and can be attributed to a number of risk factors, including obesity [6] . This finding, in combination with the fact that preventing even 1% of hernia recurrences amounts to over $30 million in healthcare savings [7, 8] emphasizes the importance of investigating obesity's impact on all aspects of hernia repair.
A number of recent studies have found an association between obesity and post-operative complications after ventral hernia repair [9] [10] [11] [12] . While some of these studies looked at outcomes such as length of stay and recurrence, others investigated metrics related to quality of care such as postoperative wound complications. However, specific limitations such as using patients from a single institution (n < 150) and excluding obese patients with BMI's between 25-35 [11, 12] contribute to some uncertainty in these studies findings. Furthermore, even though the remaining studies used larger databases, they either included inguinal hernias in addition to ventral hernias [10] or only looked VHR procedures from 2009-2012 in the context of open versus laparoscopic repair. While increasing body mass index was associated with a greater likelihood of post-operative complications, these studies used multivariate regression without an adjustment for pre-operative factors that contributed to selection bias in the results. This study aims to improve upon these shortcomings by using the American College of Surgeons National Surgical Quality Improvement Program (ACS-NSQIP) from 2005-2014 to evaluate the isolated impact of body mass index on adverse 30-day surgical outcomes such as overall morbidity, wound morbidity, respiratory morbidity, and mortality in ventral hernia repair patients using propensity-score matching.
Materials and Methods

Data source and study population
Institutional Review Board approval was obtained. This study used the ACS-NSQIP database. The ACS-NSQIP database contains de-identified and robust data consisting of demographic variables, preoperative risk factors, intraoperative information, and 30-day postoperative outcomes. Given the validated and prospective nature of the program, the ACS-NSQIP database serves as a comprehensive source of national data for clinical studies investigating surgical outcomes [13] .
For the purposes of this study, we first identified every patient who underwent ventral hernia repair by the principal procedure CPT codes of 49560 (initial incisional/ventral hernia), 49565 (recurrent incisional/ventral hernia), 49570 (epigastric hernia), 49585 (umbilical hernia), 49590 (spigelian hernia), 49652 (laparoscopic repair of ventral, umbilical, spigelian, or epigastric hernia), 49564 (laparoscopic repair of Initial incisional/ventral hernia), 49656 (laparoscopic repair of recurrent incisional/ventral hernia). These CPT codes were sampled from the ACS-NSQIP database every year from 2005-2014 to extract patients who underwent ventral hernia repair. At this point, exclusions were made for (1) any patients over 18 years of age, (2) with a body mass index (BMI) greater than 60 or under 18.5, (3) or missing data for age, BMI, smoking status, or missing 30-day mortality information. The BMI > 60 exclusion was made due to a low sample size while the BMI < 18.5 exclusion was made due to the study's focus on overweight and obese (BMI > 25) patients only. This final sample served as the baseline cohort from which further stratifications were made prior to statistical analysis ( Figure 1 ).
BMI categories and other predictor variables
The primary predictor variable in this study was body mass index (BMI). BMI was calculated for every patient in our cohort using the height and weight information reported by the NSQIP database. The patients were then stratified into 5 BMI categories based on the World Health Organization's classification system (normal: 18.5-24.9 kg/m Data was also collected for demographic covariates including age, sex, and smoking status. Data for preoperative data was collected for the following variables: surgery type (laparoscopic or open), emergency operation, preoperative cardiac risk (presence of hypertensive medications, congestive heart failure, myocardial infarction, percutaneous coronary intervention or angioplasty, angina, or cardiac surgery), diabetes, ventilator dependence, history of chronic obstructive pulmonary disease (COPD), chronic steroid use, dialysis, and American Society of Anesthesiology (ASA) Class.
Outcomes of Interest
The primary outcome measured was 30-day overall morbidity. 30-day overall morbidity reflects the presence of any major complication within 30-days of VHR and is a summation of wound, respiratory, cardiac, central nervous system, genitourinary, and other occurrences ( Table 1) . Secondary outcomes measured were 30-day wound morbidity, 30-day respiratory morbidity, and 30-day mortality and were selected due to their frequency (Table 2) . Patients with at least one morbidity complication within 30-days were considered to have a positive 30-day overall morbidity. Independent subgroup analyses of 30-day wound morbidity, 30-day respiratory morbidity, and 30-day mortality were performed because of significant differences in their incidence between normal BMI patients and overweight/obese BMI patients ( Table 2) . Wound morbidity was determined based 
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on patients having at least one of the following occurrences within 30-days: superficial incisional surgical site infection (SSI), deep incisional SSI, organ/space SSI, wound disruption, or peripheral nerve injury. Respiratory morbidity was determined based on subjects having at least one of the following occurrences within 30-days: pneumonia, unplanned intubation, pulmonary embolism, and ventilator dependence greater than 48 hours.
Statistical analysis and propensity matching
Patients in the 4 BMI study groups (pre-obese, obese I-III) were each compared to patients with normal BMI for significant differences in demographic and pre-operative covariate distributions via the student's t-test for continuous variables, chi-square test for categorical variables, or the Wilcoxon-Mann-Whitney U-test for variables with nonnormal distributions and unequal variances ( Table 3 ). The frequency of each 30-day clinical outcome variable was also stratified by BMI category and compared with the normal BMI group using Fisher's exact tests for binary outcome variables and the chi-square test as appropriate (Table 2) .
Given the retrospective design of our study, there was a high likelihood of selection bias within each of the 5 BMI category samples that needed to be acknowledged. Propensityscore matching is a well-established statistical technique used to reduce the effects of selection bias in an observational study [14] . First, propensity scores were generated for every patient within each of the 5 BMI groups using their individual baseline demographics and preoperative characteristics. A patient's propensity score, in the context of this study, reflected the probability of that patient being classified in a particular BMI group given their individual pre-clinical characteristics. Therefore, patients with similar propensity scores were considered to have a comparable distribution of pre-operative baseline characteristics and were more importantly, considered to be equally likely to be a normal BMI patient or an overweight/ obese patient. Once propensity scores were generated, a greedy 5:1-digit match algorithm was used to group patients with similar propensity scores in either the normal BMI category or in one of the 4 overweight/obese BMI categories. A greedy algorithm matches a set of X cases to a set of Y controls in a set of X decisions [15] . Every overweight patient in the sample (the "case") was ordered by their respective propensity scores and sequentially matched to a normal BMI patient (the "control") with the nearest propensity score to produce two "matched" samples of overweight BMI patients and normal BMI patients. The same technique was used to match patients in the obese I-III categories to normal BMI patients. Student t-tests and chi-square tests were used to confirm the notion that the samples of "matched" patients were expected to have similar distributions of baseline preoperative characteristics Overweight BMI greater than 24.9 and less than or equal to 29.9
obese I BMI greater than 29.9 and less than or equal to 34.9
obese II BMI greater than 34.9 and less than or equal to 39.9
Morbid I BMI greater than 39.9 and less than or equal to 44.9
Morbid II BMI greater than 44.9 and less than or equal to 49.9
Morbid III BMI greater than 50.0 a SSI surgical site infection ( Table 4 ). The matched samples should only differ in their BMI classification, which allows for isolation of BMI's impact on the 30-day surgical outcome variables.
Using the unmatched samples first, each outcome variable (30-day morbidity, 30-day wound, 30-day respiratory, and 30-day mortality) was first modelled using multivariate logistic regression to assess the effect of a particular BMI category on the likelihood of having the given outcome. For each model, the model chi-square (X 2 ), odds ratio (OR) with 95% confidence interval (CI), and p-value were calculated. While the model X 2 and p-value indicated statistical significance, the OR quantified the impact of being in a particular BMI category on the likelihood of a patient suffering an outcome.
Multivariate logistic regression was used again on the matched samples to re-assess the effect of a particular BMI category on the likelihood of having a particular 30-day surgical outcome without the influence of selection bias. The OR, CI, and p-values were obtained for each BMI category to assess their predictive value on the odds of suffering a 30-day outcome.
Significance was determined using the a priori alpha level of 0.05. All analyses were done using Statistical Analysis System (SAS) version 9.4 (SAS Institute, North Carolina).
Results
Demographics, pre-operative characteristics, and surgical outcomes
A total of 168,214 patients undergoing ventral hernia repair from 2005-2014 were identified from the ACS NSQIP database ( Figure 1 ). The most represented CPT codes were 49560 (34.9%), 49585 (32.2%), 49565 (10.2%), and 49652 (9.48%). Table 3 summarizes all the patient demographic and baseline preoperative characteristics stratified by BMI category. From the overall sample, 26,812 (15.9%) patients were of normal BMI while 141,402 (84.1%) were overweight or obese. The most represented BMI categories were the preobese (30.4%) and obese I (27.5%) groups. The average study patient was a 53.8-year-old male with a BMI of 31.5 and ASA Class II. Pre-operative cardiac risk (44.6%) and diabetes (13.7%) were the major comorbidities in the total sample at the time of ventral hernia repair. 80.9% of patients were treated using open ventral hernia repair and only 1.83% were emergent operations. Table 2 lists the frequency of 30-day surgical outcomes including 30-day mortality or one of the 30-day morbidity sub-classifications found in Table 1 . Outcome occurrences were stratified by BMI categories as well. 5.5% of the total sample suffered an overall morbidity within 30 days of VHR while only 0.22% of the total sample died within 30 days of VHR. Out of the 9242 morbidities suffered, woundbased (60.27%) and respiratory-based (21.85%) were the most common. Patients with normal BMI and pre-obese/ obese I-III patients differed significantly (p < 0.05) in All morbidities, wound morbidity, respiratory morbidities, and 30-day mortality ( Table 2) . There was not a significant difference in the frequency of Cardiac, CNS, or GU 30-day morbidities between normal BMI patients and any of the pre-obese/obese I-III categories.
Comparison of baseline demographic and preoperative information distributions
Comparing demographics and preoperative characteristics between pre-obese / obese I-III patients and normal BMI patients in the unmatched sample showed that obese II patients did not differ significantly in ventilator dependence (p = 0.231) and emergent operations (p = 0.23) while obese III patients did not differ significantly in ventilator dependence (p = 0.498) and history of COPD (p = 0.552) compared to normal BMI patients. However, statistically significant differences (p < 0.05) were found between normal BMI and pre-obese/obese I-III patients in the following variables: age, sex, mean BMI, smoking status, surgery type, preoperative cardiac risk, diabetes status, chronic steroid use, dialysis, and in overall ASA Class distribution ( Table 3 ).
The 5:1-1-digit greedy match with propensity scores produced 4 groups with normal BMI patients matched to one of the four Obesity categories. Each of the 4 groups contained an equal number of normal BMI patients and pre-obese, obese I, obese II, or obese III patients (n = 25,043; 45,425; 34,340; 25,728, respectively). Table 4 shows demographic and preoperative characteristics after propensity-score matching. The four matched cohorts (normal vs pre-obese, normal vs obese I, normal vs obese II, and normal vs obese III) no longer had significant differences in any of the preoperative variables (p > 0.05 for all) and reflected a random distribution of covariates within every BMI category.
Multivariate analysis of morbidity and mortality
Multivariate generalized logistic regression with the five BMI category variables as well as additional demographic and preoperative covariates was used on the unmatched cohort to assess the impact of a patient's particular BMI category on their likelihood of any 30-day morbidity, 30-day wound morbidity, 30-day respiratory morbidity, and 30-day Mortality after VHR. Patients from only the obese I-III BMI groups were found to have a statistically increased likelihood of any 30-day morbidity with patients in the pre-obese BMI group having a non-significant odds ratio (OR = 1.08, p = 0.054) ( Table 5 ). For the significant BMI categories, the odds ratios increased as the BMI category increased, with patients in the obese I category having a 33% increased odds of 30-day morbidity while patients in the obese III category having over 150% increased odds (OR obeseI 1.33, p < .0001; OR obeseIII 2.54, p < .0001). Every BMI category was a significant positive predictor of suffering a 30-day wound morbidity in an increasing pattern as well. Patients in the pre-obese category had a 30% increased likelihood of a wound complication while patients in the obese III group saw close to a 3x increase in the odds of a 30-day wound morbidity (OR Preobese 1.30, p < .0001; OR OIII 3.92, p < .0001). Only patients in the obese III category had a statistically significant increased likelihood of suffering a 30-day respiratory morbidity (OR obeseIII 1.61, p < .0001). Lastly, patients in the pre-obese and obese I-II groups were found to In the matched samples, multivariate generalized logistic regression now showed that pre-obese patients were also significant in predicting any 30-day morbidity, along with obese I-III patients (Table 6 ). These odds ratios increased as the BMI category increased, with pre-obese patients having a 12% increase in 30-day morbidity likelihood and obese III patients having a 64% increase (OR Preobese 1.12, p 0.008; OR OIII 1.64, p < .0001). Similar findings were seen with 30-day wound morbidity as well, as every obesity category was statistically significant in increasing the likelihood of suffering a wound complication after VHR. After matching, the patients in the Obesity III no longer had a significantly higher likelihood of suffering a 30-day respiratory morbidity compared to normal BMI patients (OR OIII 0.98, p = 0.76). Finally, patients in every obesity category were still found to have reduced odds of dying after 30-day mortality, with patients in the obese II and III categories having stronger statistical significance (Table 6 ).
Discussion
Over 80% of VHR from 2005-2014 in the NSQIP database were conducted on patients with pre-obese or obese Body Mass Indices. Out of the 9242 morbidities suffered 30-day after VHR, the majority were wound based (60.27%). When stratified by BMI category, the frequency of wound complications increased with increasing BMI category. We found the obese III group (≥ 40 kg/m 2 ) had a significantly increased difference in wound complications than patients with normal BMI (≥ 18.5 to ≤ 25 kg/m 2 ) ( Table 2) . These findings are consistent with previous literature that found an increased frequency of surgical, wound-related, complications for patients with BMI 40 or over that was significantly different than the frequency of wound-complications in normal BMI patients [8, 12] . The scientific rationale for higher frequencies of wound-related morbidities such as surgical site infection (SSI) is thought to be from a complex multitude of factors, including tissue hypo perfusion predisposing the obese to SSI via slower collagen synthesis and technical factors such as longer operation times with morbidly obese patients [16, 17] .
Stratifying patients by BMI category to compare baseline demographic and pre-operative comorbidities between pre-/ obese patients to normal BMI patients revealed significant differences between these groups. pre-obese and obese I-III patients were found to differ significantly in their mean age, sex, smoking status, surgery type, preoperative cardiac risk, diabetes status, chronic steroid use, dialysis, and in overall ASA distribution compared to normal BMI patients. Because some of these comorbidities (i.e. preoperative cardiac risk and diabetes) are associated with not only the primary independent variable (body mass index), but also our outcome variables (30-day overall/wound/respiratory morbidity), any relationship between body mass index and post-operative outcomes has significant confounding that needs to be acknowledged. Furthermore, the rate of diabetes in our total sample (13.7%) is above the age-adjusted incidence of diabetes in the United States from 2005-2014 provided by the CDC (7.6%) [18] . Having an elevated rate of DM present in our sample may have led to confounding prior to propensity score matching. Propensity score-matching analyses accounted for these confounding variables by producing matched-groups of normal BMI vs Pre-/obese I-III BMI patients that no longer had significant differences in their baseline characteristics ( Table 4) . Distributing these baseline characteristics between the cases (overweight BMI patients) and controls (normal BMI patients) randomly reduced selection bias and allowed for optimal isolation of body mass index as our independent variable. This technique of propensity-score-matching regression analyses has been shown to be one of the closest imitations of a randomized clinical trial [14, 19] .
Prior to propensity-score matching, multivariate regression showed that the pre-obese BMI group was not associated with an increased likelihood of suffering any post-operative complication ( Table 5) . However, patients with obese I to obese III BMIs were found to have a positive association with developing any complication in the 30-day post-operative period. Looking specifically at wound complications such as SSI, every BMI category above the normal BMI level was associated with an increased likelihood of suffering a 30-day wound morbidity. However, in regards to respiratory morbidities, only patients in the obese III (≥ 40 kg/m 2 ) were found to be positively associated. An interesting association was found between pre-obese, obese I, obese II patients and death within 30-days of VHR. These three groups were found to have a reduced likelihood of dying compared to patients in the normal BMI group. Given the confounding of covariates in this analyses, some of the associations between increasing BMI category and adverse 30-day outcomes may simply be due to these comorbidities instead.
As mentioned earlier, some of the associations between BMI categories and 30-day outcomes in the unmatched analyses may simply be due to the confounding comorbidities present in the sample. However, propensity-score matching reduced this selection bias and allowed for optimal isolation of BMI as a predictor of adverse 30-day outcomes via multivariate logistic regression. Every BMI category was now significantly associated with an increased likelihood of developing any morbidity in the 30-day post-operative period (Table 6 ). More importantly, there is a "dose-dependent" relationship between increasing BMI and the odds of suffering any 30-day complication. This is relevant clinically as patients in a lower BMI category can expect their odds of developing any surgical complication post-VHR to increase as they advance to higher and more morbidly obese BMI categories. These findings draw only some parallels with the findings of a recent study by Pernar et al that looked at only a subset of the ventral hernia CPT codes that were used in our current study. Pernar et al. found that only patients above 40 kg/m 2 have an increased likelihood of developing any morbidity after open ventral hernia repair (OR OBESE-III 3.40, p = 0.004) [8] . This is consistent with our finding that patients in the obese III group (>40 kg/m 2 ) also have increased odds of developing any 30-day morbidity (OR OBESE-III 1.64, p <.0001). The lack of propensityscore matching and the exclusion of laparoscopic ventral hernia CPT codes contribute to not only the inflated odds ratio in the Pernar et al. study, but also explain why they did not find a significant association between other obese groups.
Even though we were still able to see a dose-dependent association between every BMI category and the likelihood of suffering a wound complication (Table 6 ), the ORs that were produced in the matched analyses were not as high as the unmatched analyses. This can be explained by the fact that greater frequencies of diabetes and pre-operative cardiac risk in the pre-obese/obese I-III groups in the unmatched analyses were contributing to the presence of increased wound morbidity and were thus, inflating the ORs associated with greater obesity groups. Removing the bias of these confounding variables by distributing them evenly amongst normal BMI and pre-obese/obese I-III groups shows that BMI is an independent risk factor for 30-day wound complications following VHR. This is consistent with recent literature that found associations between obesity and 30-day wound-related complications [8, 12] . Propensity-score matching removed the association between obese III patients and their likelihood of a 30-day respiratory morbidity (pneumonia, unplanned intubation, PE, ventilator dependence ≥ 48 h). Similar to the findings with 30-day wound-morbidity, the association that was seen in unmatched analyses can be attributed to the confounding pre-operative variables (i.e., history of COPD, ventilator dependence) that were contributing to a respiratory morbidity. Lastly, even after propensity-matching, patients in all overweight BMI categories still had a reduced likelihood of 30-day mortality compared to patients in the normal BMI category, giving merit to a popular theory in obesity-outcome literature called the "obesity paradox". The relationship between increasing BMI and reduced likelihood of death after surgery has been reproduced in previous hernia literature as well [10, 20] Obesity is widely accepted to have adverse effects on diabetes, cardiovascular disease, orthopedic procedures, thoracic surgery, vascular surgery, cancer, and life expectancy [9, 10] . However, over the past 15 years, there has been growing evidence indicating that patients with elevated BMI may actually have diminished rates of mortality. Initially discovered by Gruberg et al. 15 years ago as a phenomenon found only to coronary heart disease [21] , the obesity paradox has been spread to non-cardiovascular disciplines as well [22, 23] . Whereas some systematic reviews have shown the paradox to only apply to patients with pre-obese BMI (BMI 25-30 kg/m 2 ) [24] , other studies have found diminished rates of mortality for all obesity categories. A landmark study by Mullen et al. on mortality in patients after non-bariatric general surgery (including VHR) found a lower risk of 30-day mortality in pre-obese and obese I-II patients compared to those with normal BMI [23] . Our findings reproduce the obesity paradox across all Obesity categories and show a significant reduced likelihood of 30-day mortality after VHR compared to normal BMI patients. However, the extremely low frequency of overall 30-day mortality in our total cohort (< 1%) overall combined with the fact that there were simply a greater number of deaths in normal BMI patients compared to the obese categories indicate that the obesity paradox we found for VHR may lack statistical power.
Study Limitations
The analyses presented has a number of limitations related to the use of the National Surgical Quality Improvement Program (NSQIP). The retrospective nature of our study combined with the fact that NSQIP collects data prospectively impairs our ability to make an unequivocal cause and effect relationship between obesity and adverse 30-day surgical outcomes. In addition, by collecting outcomes only in the 30-day post-operative window, NSQIP fails to capture any adverse surgical outcomes that may present later. Furthermore, NSQIP fails to collect information on patients who presented with ventral hernia but did not undergo surgical treatment. Lastly, NSQIP lacks specific details related to obesity, such as measurement metrics and diabetes information. Body mass index, while widely used due to ease of measurement and standardization, is an indirect and imperfect measurement of obesity compared to metrics that were not found in NSQIP such as body fat percentage and waist-to-hip circumference. BMI does not distinguish between body fat and lean body mass and is furthermore, limited by the inherent differences in body fat between men and women as well as between younger patients and the elderly. Diabetes information in NSQIP is also restricted to only therapeutic metrics and does not provide information on the type of diabetes or the onset of diabetes in the patient. This information could help us further refine our findings by allowing for a discussion on the impact of diabetes related to obesity on adverse surgical outcomes. Furthermore, NSQIP lacked information on certain surgery-specific data such as hernia gap size that have been shown to be associated positively with post-operative complications [25] .
In addition to the shortcomings of the NSQIP database, there are a number of statistical limitations that are worth mentioning as well. Even though propensity score matching reduces the likelihood of selection bias, it is not a complete randomized clinical study. This means that even though we included all the preoperative variables we thought to be confounding in our propensity-score match, there could still be other factors that a patient has that are contributing to adverse outcomes that is lacking in NSQIP.
Conclusion
This study analyzed over 160,00 patients undergoing elective ventral hernia repair from a national, validated surgical database. We used propensity score matching to quantify the isolated impact of increasing BMI on the likelihood of a patient undergoing ventral hernia repair to develop an adverse surgical outcome in the 30-day post-operative window. Even though patients with normal BMI had the lowest risk of a 30-day complication, the majority of patients (> 80%) in our study undergoing VHR were overweight or obese. This finding, in combination with projections that estimate that 50-85% of adults will be overweight or obese in the United States by 2030 [2, 26] suggest that surgeons will be increasingly called upon to manage VHR in the future. We found that having a BMI greater than 25 increases the likelihood of developing any surgical complication after VHR (includes wound-, respiratory-, cardiac-, genitourinary, CNSrelated complications). Furthermore, we found this association to be dose-dependent, as patients in increasingly obese BMI categories were found to have a higher likelihood of suffering any adverse post-operative complications. Looking specifically at wound and respiratory complications, we found that the association between 30-day respiratory complications and the morbidly obese to be confounded by other comorbidities found in the morbidly obese population. Propensity score matching removed this association and more importantly, allowed us to discover that BMI is an independent risk factor for developing adverse 30-day wound complications in a dose-dependent manner. The results of this study implicate rising BMI with higher odds of overall and wound morbidity and validate the rise in preoperative optimization such as targeted weight loss that has been occurring in elective surgical procedures such as VHR. It is therefore beneficial for surgeons to be aware of the isolated impact BMI can have on post-operative complications after VHR and use this information to better counsel their patients about the risks of elective ventral hernia surgery.
Our study included all modes of ventral hernia repair, including open (OVHR) and laparoscopic (LVHR) methods used from 2005-2014. A recent NSQIP study by Regner et al found that Laparoscopic VHR was better than Open VHR at reducing wound complications in obese patients from 2009-2012 [9] . It would be appropriate to expand upon this study and include procedures from additional years (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) as well as investigate the potential benefits of LVHR in reducing other surgical outcomes such as cardiac or respiratory morbidities as well.
